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(57) ABSTRACT

Disclosed in one embodiment is a multimodal neuromoni-
toring system for providing clinicians with measures of
important higher order, clinically relevant neurophysiologi-
cal functions by combining the output of multiple medical
devices each of which provides a measure of a more basic
neurophysiological function. Also disclosed are electronic
displays that present clinically meaningful relationships
between various physical and chemical measurements of
brain function, and a process for calculating when a patient’s
current neurophysiological state is different from a nominal
“healthy” neurophysiological state.



US 2005/0182304 A1

Patent Application Publication Aug. 18,2005 Sheet 1 of 18

&

eSEERg

474

aaA3Qg amide) geq

SS3[an M 10 ‘gSN “TET-SU

$2J1A3p Sunioual

[eai3msomau JApO

SSa| UM 10 ‘gSN ‘TET-SU

2D1AD(] JUALSMSLIN

amyeradua],

ssajal p 10 ‘IS ‘TET-SA

I0IAY(] JUNLANSEIW

Hd

| SSafall M 10 ‘gSN ‘TET-SA

AJAAY(] JUANUMSBIN

oo sy
Jo amssalg [aued

SSIJAU M 10 ‘GSN TET-SY

SDIA (] JUSLIAM SEI
uaBAxQ anss ],
Jo amssald |gHed

L
20e)19)u] Jasfy
aenuny

SSI[AUI M 10 ‘dSN ‘TET-SAT

321A5( WUALAMSBIWN

e V) amsald poojg |&Jauy|

ssajanm 10 ‘gsn ‘TET-SY

9JIAX(] JUALAMSBIN

JHD) M0| poojd [BIQUID

A

ssojanp 10 ‘gSN ‘TET-SA

T ]
Blep [eN3ig I

(44
SUONIUUO])

01A(] WRLAMSEIN
(4D amssaug [eruedenu]

4 1z

s|eudts

axnag




US 2005/0182304 A1

Patent Application Publication Aug. 18,2005 Sheet 2 of 18

489

¢ Old

owL
L0E Lz 181 19 !
oo¥ 00
009 - 1 001
008 + - 002
0001 - 0'0g
oozt A ooy

sjuauodw o) xapuj sljoqels|\

(zo1gd) zo enssiL



¢ Old

US 2005/0182304 A1

zo enss|L
0'v2

Z

e

'{JK'

. W
v SR R A gt
© 8%uapluo): -

(ZOo anssi1 sA 49D) 10HUOIN XpU] dljoqelaN

Patent Application Publication Aug. 18,2005 Sheet 3 of 18

3

005

009

0o w
-

o008

006



Patent Application Publication Aug. 18,2005 Sheet 4 of 18 US 2005/0182304 A1

40.0

30.0

20.0
pBTO2

M Curve

FIG. 4A

10.0

120.0
100.0
80.0
60.0
40.0
20.0
0.0
0.0

480



US 2005/0182304 A1

Patent Application Publication Aug. 18,2005 Sheet 5 of 18

dv "Old

00¢

oSt




G Old

L]
i

28 *w= gl zoole ] = 1z zoladll = zg dvs I ™ 59 ddD

A B

i

US 2005/0182304 A1

ve LB [
sin 2y ol %L ][ w9 {[zovd ]
* avs_ | _ HN.“.o,ﬁ*

e Ll

REREEERERRER

Ow ‘SIH 2 O

|

BHww c9 ddo <9 BHww 1z zolgd IS

uopenfaioyny

Patent Application Publication Aug. 18,2005 Sheet 6 of 18



US 2005/0182304 A1

Patent Application Publication Aug. 18,2005 Sheet 7 of 18

9 9Old

[ = gl zoole W o 2z zolad i

BHwuw —.° F

avs Wl *= 8L ddo [l z2 dol Mla: £9 48D

] Pued
L__ _oaam;:%_%fm,

CpvMoyga

SN

00 0021 0044 000 OO6 008 00 009 005 00y OO€E 0O




L ©Old

swu 6L zoole o 22 zoradll o+~ s6 dvs [l 0 e ddo [ 22 dol [l 08 8D

US 2005/0182304 A1

- 1 g " 3
SIH V2 O Py |[ormeea] |0
s1H 21 o] 2o ] w0 fese ] e
avs | _ 200 |

smz o _

] LI—L_ w_u._.mnw n_&u *

o] M
MAIA (N -

BHww 6L ZOO1ld

Patent Application Publication Aug. 18,2005 Sheet 8 of 18



US 2005/0182304 A1

Patent Application Publication Aug. 18,2005 Sheet 9 of 18

8 Old

,7.@%30:

susuoneRY -

i

o

o8 0z 09 0s

490/20 - Xx3pul Jjjoqge)dil

zoLad

SHu L2 NOanﬁ S 16 dUS ﬁ OHuw gf n_n_Uﬁ S g2 dl m_\hﬂ 8L 480

004 00Z 0O'LE CO0L 006 006 002 009 00 CO% O00E OO
o

114
173
6

oL

fHww 7 ddd

i
3 aﬁ

GO0k 00Z4 00°}4 GO0V 006 008 00°. 009 005 0O 00€ 00T

oy

6Hww 1z zoigd




US 2005/0182304 A1

Patent Application Publication Aug. 18,2005 Sheet 10 of 18

6 Old

69 J8D

[ o= g1 zoole WM ™ 12 zotad |

oty [[oraweed:

o 65 dvS Wl ™ 22 ddo B+ 22 dol I s
= R B § >

zotad

ddd/20 - Xapuj djjoqejai]

00+ 0DZ} 0O'LL 000 006 009 00X 009 005 CO¥ 0DE 002

00:} 0OZL 0014 0004 006 008 004 009 005 00 OOE 002

BHww 27 ddo

Hoo)/umwAw 69 4892

or

s3]

i |

fHww 1z zolad




US 2005/0182304 A1

Patent Application Publication Aug. 18,2005 Sheet 11 of 18

oL "©Id

o 7] 20010 i e e2 NoEnﬁ sungol dvs o+ 18 ddo ll vz dOI [l 18 38D

"Zoole|

fejds( YR 1m0 || f T

zo1ad|

Aodsg Y9 PPN

' B

uone|nBaion ‘ BsNO .0..05&—0—2—
T AR weg leddpy ‘ .ﬂ.&.ozo._.o&:.

S—uonenfio] odnq; |
poyseril | e e m
wiefy 487 w07 | EH i
e ApARISUSS, AR A PrETTIT
poysany |
Wepy dd4J wo M " A ~
: 1
poyseny | wery ;T T oy b
2018d #o Auangsuag LoRRINGI0NMY nwv ONO
o
.......... proysany | ﬁ _\,/.rxqi w ;
Wty o3I 4H ApArpiog wopu| 4OGER N -
a9 i FoT
g 5
. g
g
0s

uoneinbaiony 499/Z0 - Xapu| Jijoqeis|y




US 2005/0182304 A1

Patent Application Publication Aug. 18,2005 Sheet 12 of 18

Ll "Old

VOgL . EaMoy Al

sy bligdiues

cenmoy 17
éaandy [
caAnoy g
£3MY 2]
Eamnoy 4
Lanoy A1
£arnay FAp

i n_,qm_ ppuey) | gaAndy [A]

uoneindyuol uonisinboy




US 2005/0182304 A1

Turso

Patent Application Publication Aug. 18,2005 Sheet 13 of 18



Patent Application Publication Aug. 18,2005 Sheet 14 of 18  US 2005/0182304 A1l

o

e

b
1

142

140

FIG. 13

ata acqu tio

120
122

138



vl Old

US 2005/0182304 A1

951

vS1

TGSy eje st

0S1
zLl

Patent Application Publication Aug. 18,2005 Sheet 15 of 18



US 2005/0182304 A1

174°

2l

Patent Application Publication Aug. 18,2005 Sheet 16 of 18



Patent Application Publication Aug. 18,2005 Sheet 17 of 18  US 2005/0182304 A1l

[{e}
[}
© h
©
L}
<
[}
e
—
o L
(o]
O had
[+ o] N N
- ©
©
d%\; H
=
NE
£ gysgl g
g al| 22
25
=g




US 2005/0182304 A1

Patent Application Publication Aug. 18,2005 Sheet 18 of 18

L 'Old -

: senuw gef
uey} 210U 10) GZ MO[aq UBAQ SRY dd) PUR O 3A0GR Uaaq sey ] “sbessap ary

‘ uey| umw._*

: 103D
veypeeen| & a |
Jopiedg. - - iepwered




US 2005/0182304 Al

NEUROMONITORING SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit under 35 U.S.C.
119(e) of United States provisional applications entitled
“Multimodal Neuromonitoring System,” U.S. Patent Appli-
cation Ser. No. 60/536,724, filed on Jan. 16, 2004, and
“Multimodal Neuromonitoring Alarm and Display System,”
U.S. Patent Application Ser. No. 60/544,888, filed on Feb.
14, 2004; which are both herein incorporated by reference.

FIELD OF THE INVENTION

[0002] This invention relates generally to neuromonitor-
ing, with specific embodiments relating to multimodal neu-
romonitoring systems for providing clinicians with real-
time, continuous measures of important higher order
neurophysiological functions by combining the output of
multiple neurosurgical monitoring devices, each of which
provides a measure of a more basic neurophysiological
function.

BACKGROUND OF THE INVENTION

[0003] Routine neurosurgical monitoring has historically
been largely limited to the measurement of intracranial
pressure (ICP), a rather late stage indicator of the brain’s
status and probable clinical outcome. The past decade has
seen the introduction of a number of sensor technologies
which permit the monitoring of other important physical and
chemical quantities including cerebral blood flow (CBF),
partial pressures of tissue oxygen and carbon dioxide, pH,
temperature, and the concentrations of various metabolites
and ions via microdialysis. Cerebral perfusion pressure
(CPP) has also been made available, and is calculated as the
difference between mean arterial blood pressure and ICP.

SUMMARY OF THE INVENTION

[0004] Systems according to the invention may be par-
ticularly advantageous in that they provide more meaningful
data to clinicians by combining more basic measurements in
more useful ways. While CPP, ICP and CBF are all impor-
tant indicators in the clinical setting of traumatic brain
injury, for example, when they are combined in a meaningful
way to visualize and quantify cerebral autoregulation and
vasoreactivity they can become much more powerful clini-
cal assets.

[0005] Likewise, the partial pressure of oxygen in the
brain tissue can be easily measured, but taken in isolation
these data have not been nearly as useful clinically as when
they are related to the metabolism of a region of brain tissue
and meaningfully expressed, for example, as the cerebral
metabolic rate of oxygen consumption (CMRO2).

[0006] And while prior art single-parameter devices may
be suitable for the particular variable which they address,
they do not algorithmically combine basic neurophysiologi-
cal measurements to provide continuous, real-time measures
of important higher level, clinically relevant neurophysi-
ological functions such as cerebral autoregulation, CO2
reactivity, decoupling of CBF and partial pressure of tissue
oxygen, and CMRO2. Further, conventional neurosurgical
monitoring devices neither store data persistently in a data-
base for future use nor display the aforementioned clinically
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relevant neurophysiological measures to clinicians in a
real-time, continuous manner.

[0007] Systems according to the invention therefore sub-
stantially depart from the conventional concepts and designs
of the prior art, and in so doing can provide clinicians with
measures of important higher order, clinically relevant neu-
rophysiological functions by combining the output of mul-
tiple medical devices each of which provides a measure of
a more basic neurophysiological function.

[0008] More specifically, the invention features, in one
general aspect, a patient neuromonitoring system that
includes a capture device having a first input responsive to
a first basic measure of patient function, and a second input
responsive to a second basic measure of patient function for
the same patient. A process is responsive to the capture
device and operative to calculate at least one derived neu-
rophysiological variable for the patient by combining the
first and second basic measures of patient function, and to
detect when the patient’s state is different from a nominal
state for the derived variable.

[0009] In preferred embodiments, the process can derive a
measure of autoregulation from the first and second basic
measures of patient function. The capture device can be
responsive to cerebral blood flow measurements and arterial
blood pressure measurements. The capture device can be
responsive to cerebral perfusion pressure measurements and
cerebral blood flow measurements. The process can derive a
measure of carbon dioxide reactivity from the first and
second basic measures of patient function. The process can
derive a measure of carbon dioxide reactivity by comparing
changes in the partial pressure of carbon dioxide and cere-
bral blood flow. The process can derive a measure of
decoupling of cerebral blood flow and partial pressure of
tissue oxygen from the first and second basic measures of
patient function. The process can derive a measure of
decoupling of cerebral blood flow by continually calculating
measures indicating whether a relationship between cerebral
blood flow increases and tissue oxygen increases is intact.
The process can derive a measure of cerebral metabolic rate
of oxygen consumption from the first and second basic
measures of patient function. The process can derive a
measure of cerebral metabolic rate of oxygen consumption
from measures of cerebral blood flow, partial pressure of
tissue oxygen, partial pressure of tissue carbon dioxide,
intracranial pressure, and arterial blood pressure. The system
can further include means for providing the at least one
derived variable to a clinician. The means for providing the
derived variables can include a display operative to simul-
taneously display a plurality of the derived variable on a
graph. The means for providing the derived variables can
include a display operative to display the at least one derived
variable on a separate graph. The system can further include
a database responsive to the capture device, wherein the
capture device is operative to persistently store data from the
first and second inputs. The capture device can further be
operative to transform the output of various neurosurgical
monitoring devices into a form that is suitable for storing in
a database. The first and second inputs of the capture device
can be responsive to the output of one or more neurosurgical
monitoring devices. The capture device can be operative to
receive analog or digital signals. The process can be opera-
tive to detect anomalous conditions from a plurality of rules.
The process can further include a rule definition interface to
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define the rules. The capture device and the process can be
operative on a continuous basis to obtain continuous values
for the derived variable. The capture device and the process
can be operative on a real-time basis to obtain real-time
values for the derived variable. The nominal state can be
derived from measurements made during a baseline period.
The nominal state can be derived from a clinical understand-
ing of the derived variable.

[0010] In another general aspect, the invention features a
patient neuromonitoring method that includes receiving at
least two different measures of patient condition from a
patient, calculating at least one derived neurophysiological
variable for the patient based on the two different measures
of patient condition in a continuous manner, and detecting
when the patient’s state is different from a nominal state for
the derived variable.

[0011] In preferred embodiments, the method can further
include the step of outputting the derived neurophysiological
variable to a clinician. The method can further include the
step of displaying the derived neurophysiological variable to
a clinician. The step of detecting can be responsive to a set
of rules. The steps of receiving, calculating, and detecting
can operate on a continuous basis. The steps of receiving,
calculating, and detecting can operate on a real-time basis.

[0012] In a further general aspect, the invention features a
patient neuromonitoring system that includes means for
receiving at least two different measures of patient condition
from a patient, means for calculating at least one derived
neurophysiological variable for the patient based on the two
different measures of patient condition in a continuous
manner, and means for detecting when the patient’s state is
different from a nominal state for the derived variable.

[0013] In another general aspect, the invention features a
patient neuromonitoring system that includes a capture
device having a first input responsive to a first basic measure
of patient function, and a second input responsive to a
second basic measure of patient function for the same
patient, and being operative to persistently store data from
the first and second inputs, and a process responsive to the
capture device and operative to calculate at least one derived
neurophysiological variable for the patient in a continuous
manner by combining the first and second basic measures of
patient function.

[0014] In preferred embodiments, the system can further
include a database responsive to the capture device, wherein
the capture device is operative to persistently store data from
the first and second inputs in the database. The system can
further include a database responsive to the process, with the
process being operative to persistently store values for the
derived neurophysiological variable in the database.

[0015] In a further general aspect, the invention features a
patient neuromonitoring method that includes receiving at
least two different measures of patient condition from a
patient, calculating at least one derived neurophysiological
variable for the patient based on the two different measures
of patient condition in a continuous manner, and persistently
storing at least one of the two different measures of patient
condition and the derived neurophysiological variable.

[0016] In another general aspect, the invention features a
patient neuromonitoring system that includes a capture
device having a first input responsive to a first basic measure
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of patient function, a second input responsive to a second
basic measure of patient function for the same patient, and
a third input responsive to a third measure of patient function
for the same patient, and a process responsive to the capture
device and operative to calculate at least one derived neu-
rophysiological variable for the patient by combining a
subset of the first, second, and third basic measures of
patient function.

[0017] In preferred embodiments, the process can be
responsive to the capture device and operative to calculate a
plurality of different derived neurophysiological variables
for the patient by combining subsets of the basic measures
of patient function.

[0018] In a further general aspect, the invention features a
patient neuromonitoring method that includes receiving dif-
ferent measures of patient condition from a patient, calcu-
lating a first derived neurophysiological variable for the
patient based on a first subset of the different measures of
patient condition in a continuous manner, and calculating a
second derived neurophysiological variable for the patient
based on a second subset of the different measures of patient
condition in a continuous manner, wherein the first and
second subsets are different.

[0019] Ttis an important object of this invention to provide
an improved neuromonitoring system that combines data to
provide more clinically relevant indicators of higher level
physiological functions and patient health and thereby
enable a clinician to better treat patients. Other objects and
advantages of this invention will become obvious to the
reader and it is intended that these objects and advantages be
within the scope of this invention.

[0020] This invention may be embodied in the form illus-
trated in the accompanying drawings, attention being called
to the fact, however, that the drawings are illustrative only,
and that changes may be made in the specific construction
illustrated.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG.1 is a schematic of a multimodal neuromoni-
toring system according to the invention;

[0022]

[0023] FIG. 3 is a parametric plot of CBF versus pBTO2
that displays the nominal relationship and upper and lower
confidence limits around the nominal relationship for the
system of FIG. 1,

[0024] FIG. 4 is a set of diagrams showing an explicitly
defined nominal relationship between CBF and pBTO2 for
the system of FIG. 1;

[0025] FIG. 5 is a screen shot of a multi-variable display
view for an embodiment of the neuromonitoring system of
FIG. 1;

[0026] FIG. 6 is a screen shot of an autoregulation display
view for an embodiment of the neuromonitoring system of
FIG. 1,

[0027] FIG. 7 is a screen shot of a vasoreactivity display
view for an embodiment of the neuromonitoring system of
FIG. 1;

FIG. 2 is a time plot of CBF and pBTO2;



US 2005/0182304 Al

[0028] FIG. 8 is a screen shot of a metabolic index
(O2/CBF) display view for an embodiment of the neu-
romonitoring system of FIG. 1,

[0029] FIG. 9 is a screen shot of a metabolic index
(O2/CPP) display view for an embodiment of the neu-
romonitoring system of FIG. 1,

[0030] FIG. 10 is a screen shot of a multimodal display
view for an embodiment of the neuromonitoring system of
FIG. 1 showing an auxiliary control panel dialog;

[0031] FIG. 11 is a screen shot of an acquisition configu-
ration dialog for the neuromonitoring system of FIG. 1;

[0032] FIG. 12 is a screen shot of a parameter range
dialog for the neuromonitoring system of FIG. 1,

[0033] FIG. 13 is an application startup flowchart for the
neuromonitoring system of FIG. 1,

[0034] FIG. 14 is a data acquisition timer flowchart for the
neuromonitoring system of FIG. 1;

[0035] FIG. 15 is a timer update flowchart for the neu-
romonitoring system of FIG. 1,

[0036] FIG. 16 is a nominal curve calibration flowchart
for the neuromonitoring system of FIG. 1; and

[0037] FIG. 17 is a rule definition dialog for use with the
system of FIG. 1.

[0038] Before explaining at least one embodiment of the
invention in detail, it is to be understood that the invention
is not limited in its application to the details of construction
and to the arrangements of the components set forth in the
following description or illustrated in the drawings. The
invention is capable of other embodiments and of being
practiced and carried out in various ways. Also, it is to be
understood that the phraseology and terminology employed
herein are for the purpose of the description and should not
be regarded as limiting.

DESCRIPTION OF AN ILLUSTRATIVE
EMBODIMENT

[0039] Referring to FIGS. 1-4, an illustrative multimodal
neuromonitoring system according to the invention can
interrelate measurements of various physical parameters and
output derived quantities which are clinically relevant and
thus useful to clinicians. This system can also include
electronic displays that present clinically meaningful rela-
tionships between various physical and chemical measure-
ments of brain function and a process for calculating when
a patient’s current neurophysiological state is different from
anominal “healthy” neurophysiological state. There are four
major components of a process to detect when a patient’s
neurophysiological state is different from a nominal
“healthy” neurophysiological state:

[0040]

[0041] the definition of the nominal relationship
between two or more physical or chemical measure-
ments available through neurosurgical monitoring
devices

[0042] the definition of deviation from the nominal
relationship

the measured condition of the patient
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[0043] the rules for detecting anomalies (unaccept-
able deviations from the nominal relationship)

[0044] These components will be described in detail
below.
[0045] 1In the course of describing this invention, this

application will refer to the following physical and chemical
measurements of patient brain and neural health:

[0046] CBF—cerebral blood flow

[0047] CSF—cerebrospinal fluid

[0048] SAP—arterial pressure

[0049] SJO2—downstream venous oxygen partial

pressure via jugular bulb

[0050] ICP—intracranial pressure

[0051] pBTO2—tissue oxygen partial pressure

[0052] eTCO2—end tidal carbon dioxide partial
pressure

[0053] pBTCO2—tissue carbon dioxide partial pres-
sure

[0054] Arterial O2—arterial oxygen partial pressure
or pAO2

[0055] Other and improved measures of patient brain and

neural health will become available in the future. This
application anticipates these changes and improvements in
measurements and monitors, and although this application
calls out the particular measures above, this invention is not
limited to those mentioned. Any measures of patient brain
and neural health should be useable in connection with this
invention.

[0056] This application also anticipates that clinical per-
sonnel will interact with the present embodiment of the
invention through a series of electronic displays. These
displays can present clinically meaningful information in
non-trivial, understandable ways. Displays associated with
the preferred embodiment include, but are not limited to, the
following:

[0057] Time plots: Time traces of multiple brain
measurements, such as of pBTO2 and CBE, versus
time. A sample is shown in FIG. 2.

[0058] Parametric plots: Parametric diagrams of mul-
tiple brain measurements versus each other, such as
of CBF versus pBTO2, where each display point
marks the paired quantities sampled at sequential
points in time. A sample is shown in FIG. 3.

[0059] Event/Status/Alarm log: A text area of the
display, where clinically important events are logged
with time stamps and values of the relevant patient
measurements. Indicators (e.g., colored green, yel-
low, and red text or symbols) indicate the patient
status (nominal, transitional, exceptional, etc.).

[0060] Display technology is constantly evolving. Myriad
configurations of the displays described above are possible,
simultaneously in terms of dimensionality (number of mea-
surements that are displayed in one chart, plot, or text area),
number (number of display plots or elements), and devices
(flat panels, virtual displays/goggles, etc). This application
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anticipates these changes in technology and configuration,
among others, and their use should therefore fall within the
scope of this invention.

[0061] The content of the displays can be critical to
embodiments of this invention, but it is anticipated that the
content of these displays will change as more is learned
about the physical, chemical, and biological bases for the
interactions occurring between the measured quantities.
Changes in content that flow from this learning process
should therefore fall within the scope of this invention.
Based on the best current knowledge, the following content
elements are defined as part of this illustrative embodiment:

[0062] Metabolic Index: This element tracks and
displays the measured relationship between CBF and
PBTO?2 relative to the nominal relationship between
these same quantities. Methods employed to define
the nominal relationship and track its changes for the
purpose of delivering alerts to clinical personnel are
described in more detail below.

[0063] Autoregulation: This element tracks and dis-
plays the CBF and SAP relationship relative to the
nominal relationship. As will be described in detail
later, although the autoregulation display shows the
CBF and SAP relationship relative to the nominal
relationship, the definition of the nominal relation-
ship and measures of deviation thereof include other
measurements such as eTCO2, pBTCO2 and arterial
02.

[0064] Vasoreactivity: This element tracks and dis-
plays the CBF and pBTCO2 or eTCO2 relationship
relative to the nominal relationship.

[0065] All Others: Other multidimensional combina-
tions of the patient measurements listed above (CBE,
pBTO2, etc.) can also produce meaningful clinical
indicators of patient health. Though the descriptions
below are limited to the indicators above (Metabolic
Index, Autoregulation, etc.), this invention is appli-
cable to any combination of patient brain and neural
measurements.

[0066] One important aspect in delivering clinically rel-
evant information about a patient’s health to medical per-
sonnel is the present embodiment’s ability to detect anoma-
lies, or deviations from a nominal condition. For purposes of
exposition, the application will focus on the workings of the
invention in the context of the Metabolic Index. The meth-
odology and workings of the invention are similar for the
other indicators specified above.

[0067] There are four major components of the present
embodiment to detect and display anomalies in the Meta-
bolic Index for a patient. They are:

[0068]

[0069] the definition of the nominal relationship
between CBF and PBTO?2 available through separate
monitoring devices

the measured condition of the patient

[0070] the definition of deviation from the nominal
relationship
[0071] the rules for detecting anomalies (unaccept-

able deviations from the nominal relationship).
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[0072] Each of these components are described below,
along with a description of their interactions in the preferred
embodiment of the invention. The dimensionality of the
displayed relationship and dimensionality of the nominal
relationship and calculations of deviation from that nominal
relationship may be different. The displays are designed to
help clinicians visually track important relationships
between the physical and chemical measurements of patient
brain and neural health and as such are influenced by
clinician preference and training. The nominal relationship
and calculations of deviation from that nominal relationship
may use measurements that are not subsequently displayed.
In FIG. §, for example, the solid blue line shows the
well-known nominal relationship between CBF and SAP
that should hold if pressure autoregulation is working. This
relationship and graph is well-known and easily understood
by clinicians skilled in the art. The solid black and red lines
in FIG. 5 show patient data plotted concurrently on the same
graph, and indicates an alert that autoregulation may no
longer be working. The underlying methodologies or algo-
rithms that define the nominal relationship and calculations
of deviation from that nominal relationship (which will be
described in detail later) that trigger the alert shown in FIG.
5 may use arterial 02 and eTCO2 measurements in addition
to CBF and SAP. Thus, while the display is two-dimensional
showing CBF vs. SAP, the underlying methodology or
algorithm may be four-dimensional. This difference in dis-
play and method or algorithm dimensionality may hold for
any relationship.

[0073] The Measured Condition of the Patient: The CBF
and pBTO2 of the patient are measured using standard
instrumentation available in a neuro-intensive care unit
(NICU) or similar facility. The data from these instruments
are conditioned, time-stamped, and stored in the database 25
as shown in FIG. 1. From the database, the measured values
are extracted as needed. This invention is not tied to any
particular instrumentation technology, signal processing
technology, computing technology, or data storage technol-
ogy. Currently available products (e.g, a Neurosensor
machine for CBF measurement and a Licox machine for
pBTO2 measurement) provide the necessary capabilities for
the present embodiment. This invention does, however,
anticipate future improvements and changes to these and
other underlying technologies, and these new technologies
should therefore be useable in connection with future
embodiments.

[0074] Nominal Relationship: The nominal relationship
means the normal or standard interaction between two or
more measured quantities. For the Metabolic Index, the
quantities that define the nominal relationship are CBF and
pBTO2. Experience indicates that the nominal relationship
can be expressed and implemented in numerous ways. The
present embodiment can include, but is not limited to, the
following:

[0075] Patient Baseline: For a period of time, such as
several hours to several days, patient data are col-
lected and are designated as nominal. This means
that, in a clinician’s judgment, the relationship
between CBF and pBTO2 is nominal. The data
captured during this period are stored for later use to
define the nominal relationship, as will be described
below.
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[0076] Peer Bascline: If a baseline is not available or
not applicable for the current patient, baseline data
from-one or more similar (peer) patients can be used
to define the nominal relationship. The method for
doing so will be described below.

[0077] Clinical Understanding: Clinical studies,
empirical data, theoretical models, or the like can be
used to define the nominal relationship, as will be
detailed below.

[0078] Based on a patient baseline, a peer baseline, or
clinical understanding, the nominal relationship between
CBF and pBTO?2 is encapsulated in the present embodiment
in two primary ways:

[0079] TImplicitly: Using baseline data (patient and/or
peer), the nominal relationship is simply defined by
the “cloud” of data together with all of its statistical
and mathematical properties.

[0080] Explicitly: Using a variety of data fitting and/
or filtering techniques, (including but not limited to
splines, piecewise-linear approximations, nonlinear
regression, neural networks, and time delays, mov-
ing averages, low-pass filters, high-pass filters, and
integrators), the nominal relationship can be
expressed as an explicit mathematical formula. The
choice of data fitting or filtering method, as well as
the particular parameters employed therein, can be
largely empirical. This application anticipates that
new data fitting and filtering methods will become
available, and these future methods should also be
useable in connection with this invention. Further,
the full range of fitting or filtering parameters for any
of these methods should be usable in connection with
this invention. In FIG. 4, the system displays a
sample of an explicitly-defined nominal relationship
between CBF and pBTO2.

[0081] Given any explicit theoretical model of neural
metabolism, the nominal relationship between CBF and
pBTO2 (and/or related brain and neural measurements) can
be extracted as an explicit mathematical formula.

[0082] Deviation from the Nominal Relationship: Several
methods can be used with a range of parameters to define
deviation from the nominal relationship. Those methods
used in the present embodiment of the invention are
described below. The use of similar or other methods, the
full range of parameter values for those methods, and tuning
methods (manual or automatic/adaptive, online or off-line,
or any combination thereof) can also be used in connection
with the invention.

[0083] When the nominal relationship is defined implicitly
via a collection of patient and/or peer data, deviation can be
computed in several complementary ways:

[0084] Nearest Neighbor Distance: The distance
between all neighboring data points in the data
collection are computed. Various statistics about
these distances are computed over the entire data
collection. In the preferred embodiment, the neigh-
borhood of a data point is defined as its five closest
neighbors. Distance is defined as both the Euclidean
distance and the Manhattan (right-angle) distance
between data points. The deviation statistics com-
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puted in the preferred embodiment are: mean (aver-
age) distance, median distance, distance, maxinmum
distance, standard deviation of distance, and mean
absolute deviation of distance.

[0085] Convex polygon: From the collection of
patient and/or peer data, one or more minimal con-
vex polygons that “cover” the data are computed.
Deviation is defined as data being outside any of the
covering polygons.

[0086] Database match: The collection of patient
and/or peer data can be encapsulated in a database,
as mentioned above. Deviation can then be defined
as newly measured patient data that does not match
with any of the existing data in the database.

[0087] When the nominal relationship is defined explicitly
via a mathematical formula, deviation can be computed in
several complementary ways:

[0088] Confidence limits: When the explicit relation-
ship was determined from patient and/or peer data,
confidence limits on the relationship are developed
either analytically (using well-known fornwlas) or
empirically (using the data itself). Deviation is
defined as data being outside the confidence limits,
which themselves may be parameterized as 90%,
95%, 99% or like confidence limits. FIG. 3 illus-
trates the use of confidence limits to define deviation
from the nominal relationship.

[0089] Experience: Based on clinical studies and
experience, the acceptable ranges on the deviation
from the nominal relationship can be defined clini-
cally.

[0090] Rules for Detecting Anomalies: An anomaly refers
to a patient condition that does not conform to the nominal
relationship. A patient condition can be designated as an
anomalous event based on the extent and duration of the
non-conformance. Rules are defined below for use in present
embodiment of the invention, but other clinically meaning-
ful rules or combinations of rules based on the component
elements described herein (measured condition, nominal
relationship, deviation) could also be used. Further appli-
cable to the invention are any combinations of fitting or
filtering methods, the full range of parameter values for
those methods, and any tuning techniques that are applicable
to define the rules.

[0091] When the nominal relationship is defined implic-
itly, an anomalous event can be detected when:

[0092] the nearest neighbor distance of the measured
patient condition is greater than the median distance
for a period of 30 or more consecutive time samples

[0093] OR
[0094] the 11-sample moving average of the mea-
sured patient condition is greater than the median
distance
[0095] OR
[0096] the measured patient condition is outside the

collection of convex polygons for a period of 30 or
more consecutive time samples.
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[0097] When the nominal relationship is defined explic-
itly, an anomalous event is detected when:

[0098] the measured patient condition is outside the
95% confidence limits for a period of at least 30
consecutive time samples. In FIG. 3, the patient
measurements are outside the defined confidence
limits for more than 30 samples and an anomalous
event is detected

[0099] OR

[0100] the 31-sample moving average of the mea-
sured patient condition is outside the 95% confi-
dence limits

[0101] OR

[0102] the measured patient condition is outside the
experiential thresholds for a period of at least 30
consecutive time samples.

[0103] Existence of any or all of the conditions above
triggers an event alarm that is time-stamped and logged in
the database and on the display.

[0104] Referring to FIGS. 5-9, a user interface useable in
connection with the illustrative system of FIG. 1 will now
be described. This user interface can present single-variable
views (see FIGS. 6-9) as well as a customizable multi-
variable view (see FIG. 5). In the multi-variable view, two
or more nominal relationship graphs 50, 60, 70 for derived
variables are presented in connection with time plots show-
ing values for more basic measurements that they are
derived from 52, 54; 62, 64; 72. In this embodiment, the
multi-variable view is accessed from a “show all” button in
a main control panel 80.

[0105] The single-variable views can also be accessed
from buttons in the main control panel. The autoregulation
button, for example, allows a user to reach an autoregulation
view (see FIG. 6). This view includes a graph of the nominal
relationship 90 for the autoregulation derived variable as
well as time plots for SAP, CBF, and eTCO2 92, 94, 96. A
set of nominal relationship manipulation controls 84 allow
the user to adjust or calibrate the autoregulation relationship.
The relationship manipulation controls include an “up”
button that shifts the autoregulation curve up, a “down”
button that shifts the autoregulation curve down, a “left”
button that shifts the autoregulation curve left, and a “right”
button that shifts the autoregulation curve down.

[0106] Both types of views include an alphanumeric dis-
play bar 82 that presents a series of numerical values and
corresponding units for different ones of the tracked vari-
ables. Proximate each of the variables is an indicator whose
color indicates patient status for that variable. For example,
green, yellow, and red can correspond to nominal, transi-
tional, and exceptional, respectively.

[0107] Referring to FIG. 10, more detailed customizations
can be performed by accessing an auxiliary control panel 88
from the main control panel. This control panel allows
sensitivities and alarms to be set for different derived vari-
ables. It also allows the user to select how the different parts
of the multi-variable view and display bar will be presented.
A timebase control allows the user to adjust the scale of
displayed graphs.
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[0108] Referring to FIG. 11, the system can also provide
an acquisition configuration dialog 100 that provides acqui-
sition functionality that allows the user to set up the different
measurement channels handled by the instrument. These
channels can be activated or deactivated, and their input
voltage ranges can be set. Translation parameters and lag
values can also be provided so that different instruments
work together as seamlessly as possible.

[0109] Referring to FIG. 12, the system can also provide
a parameter range dialog 102. This dialog allows the user to
set minimum and maximum values for parameters shown in
the graphs. It also allows the user to specify a smoothing
interval and a smoothing method. In this embodiment, the
acquisition configuration dialog and the parameter range
dialog can be reached through controls in the auxiliary
control panel (not shown).

[0110] In operation, referring to FIG. 13, the system
begins by performing a startup routine 110 in which the
capture device (in this case a capture board) is first initial-
ized (step 120). The control panel, real-time graphs, and
relationship graphs are then created (step 122). Variables are
then initialized, a splash screen is displayed, and graphs are
initialized (steps 124, 126, 128, 130). A data acquisition
timer is started (step 132) and an update graph timer is
started (step 134). The system then begins processing mouse
events to show real-time displays, trended displays, and/or
relationship displays (steps 136, 138, 140, 142). 00661
Referring to FIG. 14, a separate acquisition timer routine
112 begins by setting acquisition parameters and starting a
data acquisition timer (steps 150, 152). Data are then con-
tinuously transferred into memory until the data are trans-
lated from binary values to voltage and from voltage to
specific units (steps 154, 156). The data can be smoothed,
such as by averaging it over the last second (step 158). Data
are then trended over last hour, two-hour, 12-hour, and
24-hour time periods, and stored (steps 160, 162).

[0111] Referring to FIG. 15, a separate timer update
routine 114 begins by setting an update display timer, and all
unplotted data are pulled from the buffer and updated (steps
170, 172). The time series graphs are then updated, the
trended graphs are updated, and the relationship graphs are
updated (steps 174, 176, 178).

[0112] Referring to FIG. 16, a nominal curve calibration
routine 116 begins by reading in the nominal curves, starting
the mouse handler, and displaying the nominal curves in
relationship graphs (steps 180, 182, 184, 186). The nominal
curve calibration routine can then adjust the graphs in
response to mouse events at the right, left, up, and down
buttons on the main control panel (steps 188, 190, 192, 194,
196).

[0113] Referring to FIG. 17, the system can also provide
a rule definition dialog 118. This dialog allows the user to
define sets of rules that allow alerts or other types of events
to take place in particular circumstances. These rules can
operate on one or more of the basic or derived variables
available in the system. This interface allows physicians,
consultants, hospital committees, or other entities to define
potentially complex sets of conditional events based on their
needs and experience. And while the interface shown uses
drop-down boxes to specify rules, they may also be specified
in other ways, such as with other types of mouse-based or
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event driven controls, through the use of a dedicated text-
based authoring tool, or by uploading rules prepared in a
word processor.

[0114] In one embodiment, the system is implemented
using off-the-shelf, standalone monitoring instruments con-
nected to different inputs of an off-the-shelf data acquisition
board, such as the Advantech PCI-1713 board, in a Win-
dows®-based personal computer equipped with the Visual
Basic programming environment. Of course, other struc-
tures, tools, and methodologies can be used to implement
systems according to the invention, including various com-
binations of dedicated hardware and/or special-purpose soft-
ware running on general-purpose hardware. In addition, the
various elements and steps described can be reorganized,
divided, and combined in different ways without departing
from the scope and spirit of the invention. It should also be
noted that not all of the items presented in the discussion of
the illustrative embodiment will be required for all imple-
mentations of the invention.

[0115] This invention has now been described in connec-
tion with a number of specific embodiments thereof. How-
ever, numerous modifications which are contemplated as
falling within the scope of this invention should now be
apparent to those skilled in the art. For example, the clinical
data can be output in other forms, such as auditory alarms,
textual values, or simple indicator lights. And while the
illustrative system described receives input from separate
stand-alone instruments, it could also be part of an integrated
instrument that incorporates all of the instrumentation nec-
essary to calculate the derived variables. It is therefore
intended that the scope of this invention be limited only by
the scope of the claims appended hereto. In addition, the
order of presentation of the claims should not be construed
to limit the scope of any particular term in the claims.

What is claimed is:
1. A patient neuromonitoring system comprising:

a capture device having a first input responsive to a first
basic measure of patient function, and a second input
responsive to a second basic measure of patient func-
tion for the same patient, and

a process responsive to the capture device and operative
to calculate at least one derived neurophysiological
variable for the patient by combining the first and
second basic measures of patient function, and to detect
when the patient’s state is different from a nominal state
for the derived variable.

2. The apparatus of claim 1 wherein the process derives a
measure of autoregulation from the first and second basic
measures of patient function.

3. The apparatus of claim 2 wherein the capture device is
responsive to cerebral blood flow measurements and arterial
blood pressure measurements.

4. The apparatus of claim 2 wherein the capture device is
responsive to cerebral perfusion pressure measurements and
cerebral blood flow measurements.

5. The apparatus of claim 1 wherein the process derives a
measure of carbon dioxide reactivity from the first and
second basic measures of patient function.

6. The apparatus of claim 5 wherein the process derives a
measure of carbon dioxide reactivity by comparing changes
in the partial pressure of carbon dioxide and cerebral blood
flow.
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7. The apparatus of claim 1 wherein the process derives a
measure of decoupling of cerebral blood flow and partial
pressure of tissue oxygen from the first and second basic
measures of patient function.

8. The apparatus of claim 7 wherein the process derives a
measure of decoupling of cerebral blood flow by continually
calculating measures indicating whether a relationship
between cerebral blood flow increases and tissue oxygen
increases is intact.

9. The apparatus of claim 1 wherein the process derives a
measure of cerebral metabolic rate of oxygen consumption
from the first and second basic measures of patient function.

10. The apparatus of claim 9 wherein the process derives
a measure of cerebral metabolic rate of oxygen consumption
from measures of cerebral blood flow, partial pressure of
tissue oxygen, partial pressure of tissue carbon dioxide,
intracranial pressure, and arterial blood pressure.

11. The apparatus of claim 1 further including means for
providing the at least one derived variable to a clinician.

12. The apparatus of claim 11 wherein the means for
providing the derived variables include a display operative
to simultaneously display a plurality of the derived variable
on a graph.

13. The apparatus of claim 11 wherein the means for
providing the derived variables include a display operative
to display the at least one derived variable on a separate
graph.

14. The apparatus of claim 1 further including a database
responsive to the capture device and wherein the capture
device is operative to persistently store data from the first
and second inputs.

15. The apparatus of claim 1 wherein the capture device
is further operative to transform the output of various
neurosurgical monitoring devices into a form that is suitable
for storing in a database.

16. The apparatus of claim 1 wherein the first and second
inputs of the capture device are responsive to the output of
one or more neurosurgical monitoring devices.

17. The apparatus of claim 1 wherein the capture device
is operative to receive analog or digital signals.

18. The apparatus of claim 1 wherein the process is
operative to detect anomalous conditions from a plurality of
rules.

19. The apparatus of claim 18 wherein the process further
includes a rule definition interface to define the rules.

20. The apparatus of claim 1 wherein the capture device
and the process are operative on a continuous basis to obtain
continuous values for the derived variable.

21. The apparatus of claim 1 wherein the capture device
and the process are operative on a real-time basis to obtain
real-time values for the derived variable.

22. The apparatus of claim 1 wherein the nominal state is
derived from measurements made during a baseline period.

23. The apparatus of claim 1 wherein the nominal state is
derived from a clinical understanding of the derived vari-
able.

24. A patient neuromonitoring method, comprising:

receiving at least two different measures of patient con-
dition from a patient,

calculating at least one derived neurophysiological vari-
able for the patient based on the two different measures
of patient condition in a continuous manner, and
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detecting when the patient’s state is different from a

nominal state for the derived variable.

25. The method of claim 24 further including the step of
outputting the derived neurophysiological variable to a
clinician.

26. The method of claim 24 further including the step of
displaying the derived neurophysiological variable to a
clinician.

27. The method of claim 24 wherein the step of detecting
is responsive to a set of rules.

28. The method of claim 24 wherein the steps of receiv-
ing, calculating, and detecting operate on a continuous basis.

29. The method of claim 24 wherein the steps of receiv-
ing, calculating, and detecting operate on a real-time basis.

30. A patient neuromonitoring system, comprising:

means for receiving at least two different measures of
patient condition from a patient,

means for calculating at least one derived neurophysi-
ological variable for the patient based on the two
different measures of patient condition in a continuous
manner, and

means for detecting when the patient’s state is different
from a nominal state for the derived variable.
31. A patient neuromonitoring system comprising:

a capture device having a first input responsive to a first
basic measure of patient function, and a second input
responsive to a second basic measure of patient func-
tion for the same patient, and being operative to per-
sistently store data from the first and second inputs, and

a process responsive to the capture device and operative
to calculate at least one derived neurophysiological
variable for the patient in a continuous manner by
combining the first and second basic measures of
patient function.

32. The apparatus of claim 31 further including a database
responsive to the capture device and wherein the capture
device is operative to persistently store data from the first
and second inputs in the database.

33. The apparatus of claim 31 further including a database
responsive to the process and wherein the process is opera-
tive to persistently store values for the derived neurophysi-
ological variable in the database.

Aug. 18,2005

34. A patient neuromonitoring method, comprising:

receiving at least two different measures of patient con-
dition from a patient,

calculating at least one derived neurophysiological vari-
able for the patient based on the two different measures
of patient condition in a continuous manner, and

persistently storing at least one of the two different
measures of patient condition and the derived neuro-
physiological variable.

35. A patient neuromonitoring system comprising:

a capture device having a first input responsive to a first
basic measure of patient function, a second input
responsive to a second basic measure of patient func-
tion for the same patient, and a third input responsive
to a third measure of patient function for the same
patient, and

a process responsive to the capture device and operative
to calculate at least one derived neurophysiological
variable for the patient by combining a subset of the
first, second, and third basic measures of patient func-
tion.

36. The apparatus of claim 35 wherein the process is
responsive to the capture device and operative to calculate a
plurality of different derived neurophysiological variables
for the patient by combining subsets of the basic measures
of patient function.

37. A patient neuromonitoring method, comprising:

receiving different measures of patient condition from a
patient,

calculating a first derived neurophysiological variable for
the patient based on a first subset of the different
measures of patient condition in a continuous manner,
and

calculating a second derived neurophysiological variable
for the patient based on a second subset of the different
measures of patient condition in a continuous manner,
wherein the first and second subsets are different.



patsnap

TREMOF) BARWENRE
[F(RE)E US20050182304A1 K (aH)A 2005-08-18
BRiES US11/037956 % A 2005-01-18

PRI B (TR A(E) PETITERBHE - [RJR
GRAETTINGER TIMOTHYJ
MAHER SEANJ

RIB(ERR)AGE) PETITE JAMES R.JR.
GRAETTINGER TIMOTHY J.
MAHER SEAN J.

FRIRBAA PETITE JAMES R JR
GRAETTINGER TIMOTHY J
MAHER SEAN J

RBAAN PETITE, JAMES R. JR.
GRAETTINGER, TIMOTHY J.
MAHER, SEAN J.

IPCH &S A61B5/00 A61B5/0205 A61B5/021 A61B5/026 A61B5/03 GO6F19/00

CPCH¥%S A61B5/02055 A61B5/021 A61B5/026 GO6F19/3487 A61B5/145 A61B5/14539 GO6F19/345 A61B5/031
A61B5/4076 G16H15/00 G16H50/20

LR 60/536724 2004-01-16 US
60/544888 2004-02-14 US

SNEBEEE Espacenet USPTO

BEGR)
E—AEHAFAF T —HSEIBZBNRE  BFEIAESIE
I B R RN I PR A 1R B A T S I I BRAR 5% 16 2 4 T T 1 v :
NE , SIETEBENH HIRHEEANSREBHENNE, TAF ey
THEFERE  HEMWIHAENSHYEANENEZ ANIGKLEEE 1 e B BRI T
VHFER , DRATFITESRE YN HE £ BRS TN TE TR RE
ZEBRAMT R,

Clinician
User Interface
n

pi)

Sigral Processing

i
FIG. 1

Connections
2

Devie Signals
A -
L1' |
1
1
3 H RS-232, USB, or Wireless

Mezswement Device

Measwement Device

1B¥od Flow (CBF)
Oter newosrgial
monioring devices

ral Blod Presure (Al
rmMnsuﬂml DevaBH RS-232, USB, or Wireless

Invacranial Pressie (ICP)|

IW


https://share-analytics.zhihuiya.com/view/1d09be4b-6387-4a86-8fe1-51a4e6715276
https://worldwide.espacenet.com/patent/search/family/034841597/publication/US2005182304A1?q=US2005182304A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220050182304%22.PGNR.&OS=DN/20050182304&RS=DN/20050182304

